Background & Aims : Resident macrophages and myofibroblasts derived from hepatic stellate cells
Introduction
In response to acute injury, liver elicits a wound healing process characterized by proliferation of unaltered hepatocytes, clearance of cell debris and matrix remodeling leading to recovery of a normal hepatic structure. In various forms of hepatitis, Kupffer cells, the liver resident macrophages, are involved at one and the same time in hepatocyte death and initiation of wound healing [1] . In addition to their phagocytic properties, Kupffer cells respond immediately to the injury by releasing proinflammatory mediators such as tumor necrosis factor alpha (TNF-α) and interleukin 6 (IL6) that trigger hepatocyte proliferation [2] and monocyte chemoattractant protein-1 (MCP-1) which drives monocyte/macrophage recruitment to the lesion [3] . Evidence for a key role of liver macrophages in hepatic injury and repair has been provided by alteration in hepatic cytokine expression and delayed liver regeneration in animals depleted in Kupffer cells [4, 5] .
Resident and recruited monocytes/macrophages are also involved in activation of hepatic stellate cells (HSC) into myofibroblasts (HSC/MFB) [6, 7] , which secrete proteases and matrix proteins necessary to tissue remodeling. The central role of HSC/MFB in liver repair was clearly shown in mice where reduced HSC-myofibroblastic transformation was associated with a defective liver regeneration [8, 9] .
The protein product of the growth arrest-specific gene 6 (Gas6) and its tyrosine kinase Tyro-3, Axl and Mer receptors (TAM receptors) have been implicated in growth and survival processes during development and tissue repair. Gas6/Axl signaling induces accumulation of mesangial cells in kidney fibrosis [10] and vascular smooth muscle cells in response to vascular injury [11] as well as proliferation of cardiac fibroblasts [12] . Gas6 is known as a chemo-attractant protein for vascular smooth muscle cells [13] , interfering with cell adhesion and stabilizing platelet aggregation [14] . A recent study also demonstrates that Gas6 plays a pivotal role in leukocyte infiltration into inflamed tissue [15] . In normal liver, we previously showed that Gas6 is expressed by resident macrophages and, after hepatic injury, in HSC along with their transformation into HSC/MFB [16] . In addition, Axl, the receptor with the highest affinity for Gas6, is expressed in liver macrophages and Lafdil Gas6 deficiency impairs liver wound healing 4 HSC/MFB and Gas6 protects HSC/MFB from apoptosis in vitro [16] . These results suggest that Gas6/Axl signaling might be involved in the wound healing response to liver injury.
In order to directly address the role of Gas6 produced by macrophages and HSC/MFB in liver repair, we studied the healing process in Gas6 deficient (Gas6 -/-) mice after a single carbon tetrachloride (CCl 4 )-injection, a well-known model of acute hepatitis [8] . We report an impairment of liver repair in Gas6 -/-mice, which was associated with delayed hepatocyte proliferation related to a default in Kupffer cell activation and reduced macrophage infiltration and HSC myofibroblastic transformation in necrotic areas. It is noteworthy that in these deficient mice, there is a high and constitutive expression of Axl leading to induction of the suppressor of cytokine signaling SOCS1 synthesis after CCl 4 injection [17] . These results might account for lower release of cytokine/chemokine in response to the injury and explain the delayed liver repair in Gas6 -/-mice.
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Materials and Methods
Animal model of liver injury : Studies were performed on 8-12 week old male Gas6 -/-mice bred for 18 generations in the C57BL/6 genetic background [18] and wild type (WT) C57BL/6 mice (Janvier Animal Center, France). Mice treated with a single intraperitoneal injection of CCl 4 (4 ml/kg body weight) diluted in olive oil (1/1) and control mice injected with vehicle only, were killed at different time points (from 3 hours to 7 days) after the injection. Four of 66 mice from Gas6 -/-group died on day 2 after CCl 4 injection, whereas all WT mice (78 animals) survived to the entire experiments. Livers were collected and treated as previously described [19] . Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities were measured using an Advia 1650 automate (Bayer Diasys). All animal manipulations were performed according to the recommendations of the French ethical committee and under the supervision of authorized investigators.
Histological and immunohistochemical analysis : Liver injury was assessed on 4 µm-thick paraffin-embedded liver sections stained with haematoxylin and eosin (H&E). Necrosis was graded on a 4-point scale (0, 1, 2 and 3) in 20 random fields at 100X magnification : absence of necrotic area corresponded to index 0 and index 3 corresponded to the maximal value for necrosis observed in a field (up to 50% of the field area). Immunohistochemistry was carried out on paraffinembedded or 5 µm-thick frozen sections as previously described [19] . Primary antibodies were mouse monoclonal anti-proliferating cell nuclear antigen (PCNA) (Santa Cruz), mouse monoclonal anti-α−smooth muscle actin (α−SMA) (Sigma), rat monoclonal directed against mouse F4/80 and CD68 (Serotec). For immunodetection with mouse monoclonal primary antibodies (PCNA, α-SMA), mouse IgG proteins were blocked using the MOM kit (Vector) and endogenous peroxidase activity by 3 % H 2 O 2 in 1.5% horse serum in PBS; sections were revealed by the Vectastain system (Vector) using DAB (Pierce) as peroxidase substrate [19] . For F4/80 staining, sections were revealed by the streptavidin-alkaline phosphatase conjugate (GE Healthcare) and the FastRed Lafdil Gas6 deficiency impairs liver wound healing 6 substrate system (Dako). Fluorescent labeling of CD68 was achieved using secondary FITC coupled anti-rat IgG STAR 80F (Serotec).
Protein analysis : Fifty µg of protein from snap frozen liver were used for western blotting as previously described [16] using antibodies against PCNA (Sigma), phospho-Axl-Y779 (R&D systems), Axl (Santa Cruz) and phospho-NFkBp65-Ser536 (Cell Signaling). Anti-β-actin clone AC15 antibody (Sigma) was used to correct for unequal loadings. IL6 concentration was determined using a commercial ELISA kit (R&D systems) in plasma samples and in 250 µg of protein from snap frozen liver.
RNA analysis : Total RNA (2 µg) isolated from liver using the RNeasy mini kit (Qiagen) were reverse-transcribed from random hexamers using a first-stand synthesis kit (Fermentas, Life Sciences) and specific cDNA amplifications were performed as previously described [19] using primers listed in Table 1 Chemotaxis toward Ham's F12 medium containing BSA only was considered as non specific effect.
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Statistical analysis : All data are expressed as mean ± SEM. Statistical analysis were performed using the non-parametric Mann-Whitney U-test for significance using PRISM (GraphPad). A Pvalue of less than or equal to 0.05 indicated a significant difference between groups.
Results
Liver healing is delayed in Gas6-deficient mice. injection, the liver recovered a normal structure in both groups (data not shown). The significant delay in liver repair observed in deficient mice, reveals that Gas6 is involved in liver wound healing after an acute toxic hepatitis.
Gas6 deficiency delays hepatocyte proliferation in response to CCl 4 -induced injury.
In WT mice, CCl 4 injury induced a significant increase in liver PCNA amount detected by western blotting 48 hours after injection ( Figure 3A , B), in accordance with previous reports [20] .
Immunohistochemical detection of PCNA ( Figure 3C ) revealed hepatocytes with stained nuclei outside necrotic areas 48 and 72 hours after CCl 4 injury in agreement with western blot analysis. In Lafdil Gas6 deficiency impairs liver wound healing 8
Gas6 -/-mice, both induction in liver PCNA level and PCNA labeling of hepatocyte nuclei were only detected at 72 hour ( Figure 3A , C). Therefore defective wound healing in Gas6 -/-mice was associated with one-day delay in the hepatocyte proliferative response to acute liver injury.
Gas6 deficiency reduces Kupffer cell activation and cytokine synthesis in CCl 4 -induced hepatitis.
Liver regeneration requires priming of quiescent hepatocytes which is achieved by cytokines, including IL6 and TNF-α released upon activation of Kupffer cells [2] . After i.p. CCl 4 administration, plasma IL6 level rapidly increased as previously shown [21] but values in WT and Gas6 -/-mice were not significantly different at 24 and 48 hours (237 ± 92 versus 271 ± 132 pg/ml respectively). However, we revealed a significantly reduced IL6 protein in liver of deficient mice ( Figure 3D ). Analysis of hepatic expression of IL6 and TNF-α at the mRNA level ( Figure 4A , B), showed a gradual increase of both cytokine expression from 16 to 48 hour after CCl 4 injection in WT mice (up to 16 fold induction over basal level). As expected, the increase in cytokine synthesis precedes the hepatocyte proliferative response. By contrast in Gas6-deficient mice, IL6 mRNA induction was largely blunted following CCl 4 exposure and TNF-α mRNA induction was delayed, starting from 24 hour to reach its maximal value at 72 hour. The lower level of these two cytokines in Gas6-deficient mice could reflect lower Kupffer cell activation. We explore this hypothesis by analyzing expression of CD14, a lipopolysaccharide co-receptor [22] , which is up-regulated during the activation of Kupffer cell in response to CCl 4 -induced injury [23] . We observed a strong induction in hepatic CD14 mRNA level 16 hours after CCl 4 exposure in WT mice which decreased thereafter ( Figure 4C ). Such an induction was largely reduced in Gas6 -/-mice. We also analyzed the expression of monocyte chemoattractant protein 1 (MCP-1) ( Figure 4D ), an essential chemokine secreted by activated Kupffer cells [24] . In WT mice, hepatic MCP-1 mRNA level gradually increased from 16 hour, reached its maximal value (120 times over the basal level) 48 hours after CCl 4 injection and decreased thereafter. In Gas6-deficient mice, MCP-1 mRNA induction was Lafdil Gas6 deficiency impairs liver wound healing 9 delayed and strongly blunted since its maximal value at 48 hour represented only 30% of the level in treated-WT animals. Reduced hepatic expression of CD14, MCP-1, TNFα, and IL6 is consistent with defective Kupffer cell activation which could explain delayed liver repair in Gas6 -/-mice.
Monocyte/macrophage infiltration in liver necrotic areas is reduced in Gas6 -/-mice.
To Gas6/Axl signaling was reported to induce chemotaxis of rat vascular smooth muscle cells [13] .
Since blood monocytes express the Gas6-receptors Axl and Mer [26] , we investigated whether Gas6 signaling could promote blood monocyte recruitment by a direct chemotactic effect. Migration assays conducted in Boyden's chambers showed that recombinant Gas6 induced migration of purified human peripheral blood monocytes, which represented 70 % of the migration obtained with recombinant MCP-1 ( Figure 5D ), the most powerful and specific chemotactic factor for monocytes/macrophages. Therefore, absence of Gas6 associated to reduced MCP-1 expression We conclude that the lower number of α-SMA-positive HSC/MFB in Gas6 -/-mice cannot be explained by a reduced number of desmin-positive HSC but is rather due to a decreased myofibroblastic transformation of these cells. Defective myofibroblastic activation of HSC can be Lafdil Gas6 deficiency impairs liver wound healing 11
accounted by inhibition of TGF-β synthesis related to impaired activation of resident macrophages and subsequent defect in monocyte recruitment in Gas6 -/-mice.
Gas6/Axl interaction and signal transduction
Axl phosphorylation was detected by western blotting from 3 hour after CCl 4 injection and decreased thereafter ( Figure 7A ). Nevertheless, this phosphorylation was not different between WT and Gas6 -/-mice. Similar findings were obtained when we analyzed phosphorylation of NFkB ( Figure 7B ) and STAT3 (data not shown), two downstream mediators of Gas6/Axl pathway [28] .
All these data demonstrated that Gas6 deficiency did not impair the activation of this receptor in liver. However and unexpectedly, we found that total Axl protein level was constitutively overexpressed in Gas6 -/-mice ( Figure 7C, D ). An important anti-inflammatory function of Axl has been recently elucidated which involves the induction of the inhibitory proteins SOCS [17] .
Accordingly, the amount of hepatic SOCS1 expression quantified by real time PCR analysis, was significantly increased in Gas6 -/-mice as compared to WT animals, 16 hours after CCl 4 injection ( Figure 7E ). In basal condition, a high Axl level was not sufficient to induce SOCS1 mRNA, indicating that this upregulation occurs only in the inflammatory environment induced by CCl 4 .
During this early phase of injury, Axl mRNA expression was not significantly different in WT and Gas6 -/-mice (data not shown), suggesting that a transcriptional regulation does not explain the difference in Axl protein levels observed between the two genotypes.
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Discussion
In the liver, Kupffer cells play a central role in wound healing. Unlike monocyte, these resident macrophages have low baseline expression of CD14, which is up-regulated upon their activation by multiple stimuli [22] , including CCl 4 [23] . These cells respond immediately to the injury by releasing mediators which orchestrate the inflammatory response and the activation of HSC leading to the reparative process [1] . To investigate the functional importance of Gas6/Axl pathway in liver regeneration, we induced acute injury in Gas6-deficient mice by a single CCl 4 injection and we analyzed the impact of this deficiency on liver necrosis and healing.
As previously observed [29- report demonstrated that Gas6 is involved in leukocyte extravasation [15] , notably by up-regulating vascular cell adhesion molecule-1 (VCAM-1). Accordingly, we observed an induction of VCAM-1
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Gas6 deficiency impairs liver wound healing 13 expression in CCl 4 -treated WT mice, which was largely prevented in Gas6 -/-mice (data not shown).
Finally, defective Kupffer cell activation and monocyte recruitment in deficient mice, leading to decreased TGF-β synthesis, might be responsible for impairment of HSC myofibroblastic transformation and, consequently, for defective wound healing process.
Mechanism by which Gas6 controls activation of Kupffer cells and the subsequent cytokine synthesis remains unclear. We observed a comparable phosphorylation of Axl and its downstream mediators NFkB or STAT3 in both genotypes, indicating that Gas6 deficiency did not alter Axl signaling. In addition in WT mice, Gas6 mRNA was not significantly induced after CCl 4 injection (data not shown). Altogether, these data suggest that Axl signaling in deficient mice could be due to the binding of protein S, another Axl ligand, which displays a lower affinity for Axl, but which is highly expressed in the liver. Reduced cytokine synthesis in Gas6 -/-mice might also be related to defective clearance of apoptotic cells. Indeed, Gas6 and protein S are involved in engulfment of apoptotic bodies by Kupffer cells [32] promoting their activation and the subsequent TNF-α synthesis [33] .
More interestingly, we observed higher total Axl protein levels in Gas6 -/-mice than in WT animals and increasing evidences demonstrate that Axl could induce biological effects via direct interactions with cytokine receptors [17, 34, 35] . Several studies also report inhibition of TNFα and IL6 expression induced by TAM receptors [36, 37] and this anti-inflammatory response is clearly illustrated by hypersensitivity of mutant mice lacking all three receptors to LPS-induced endotoxic shock and their susceptibility to autoimmune diseases attributed to hyperactivation of macrophages [38] . This TAM-mediated anti-inflammatory effect is due to an upregulation of Axl which interacts with the interferon receptor; then this complex induces the suppressor of cytokine signaling SOCS proteins which limits inflammation [17] . In Gas6 -/-mice, the constitutive high level of Axl, might hold down the inflammatory response after CCl 4 injection, an hypothesis supported by induction of SOCS1 mRNA in those deficient mice.
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In conclusion, we uncovered that Axl receptor is under the negative control of Gas6 and we propose an explanation for reduced inflammation and delayed wound healing process in Gas6 -/-mice. This mechanism also accounts for opposite effects on the inflammatory response observed in Gas6 and TAM receptor knock-out mice. This study highlights the role of Gas6/Axl signaling in the fine tuning of liver inflammation required for normal wound healing. Semi-quantitative analysis of hepatocellular necrosis is performed as described in method section. Gas6 chemotactic effect on monocytes performed in Boyden's chambers using 500,000 purified human blood monocytes seeded in the upper wells. Non-specific migration in the lower well in absence of Gas6 (BSA) corresponds to 1.5% of the cells. Addition of recombinant Gas6 protein in the lower chamber (Gas6) induces a significant increase in cell migration (**P<0.001) which represents 70% of the migration induced by recombinant MCP-1 (MCP-1) used as positive control.
Figure legends
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This specific Gas6 chemotactic effect is clearly reduced (*P<0.05) when recombinant Gas6 was added in upper and lower wells at a same concentration (Gas6/Gas6). 
